Tailsitter UAVs with their combined vertical take off and landing (VTOL) and fixed-wing aircraft with full flightspeed regime capability provides a distinct alternative to rotary-wing and ducted fan UAVs (OAVs). ITU-BYU Tailsitter concept aims to obtain the energy efficient regimes across the VTOL and the cruising flight regimes. This paper describes the hybrid propulsion system design approach to attain this. The preliminary design and the analysis indicate advantageous performance over other mini-class unmanned air vehicles.
INTRODUCTION
Tailsitter UAVs with their combined VTOL and fixed-wing aircraft with full flight-speed regime capability provides a distinct alternative to rotary-wing and ducted fan UAVs. ITU-BYU tailsitter concept is tailored towards city and urban operations with possible autonomous recharging capability to allow 24 hour on demand reconnaissance and surveillance for traffic and law-enforcement.
The development of manned tailsitter aircraft had begun as early as 1950's. In Figure 1 , one of the experimentally developed aircraft --Lockheed's XFV-1 can be seen. Such manned tailsitter aircraft were hard to control especially during landing phase as the early tailsitter aircraft didn't have any stability augmentation system to help the pilots during the critical landing phase. Hence, the pilots were tasked with the control of the aircraft's attitude by only looking at the displays and simultaneously checking the ground level in an upside position. As a result of several accidents mainly due to the high workload over the pilots, the development of the manned tailsitter projects were ceased. However, as unmanned systems developed, the distinct tailsitter concept is realized again by using recent autopilot technology [1, 15, 16] . As a matter of fact, many unmanned VTOL aircraft in addition to micro-helicopters are already under development. Foremost examples are Allied Aerospace's iStar series Organic Air vehicles (OAV) and Honeywell's electric powered OAV. However, even though they show efficient static-low speed thrust due to the shroud around the propeller blades, such ducted fan concepts still have some aerodynamic problems especially about efficient forward flight regime. Moreover, OAVs with their internal combustion engines also suffer from high levels of noise during operation. Hence, the noise problem makes these OAVs unsuitable for "silent intelligence" in urban places. Other examples to the tailsitter concepts are T-Wing and Heliwing. TWing was developed at the University of Sydney at 2000s [2] , and Heliwing was developed by Boeing. However, both of these similar concepts are not size wise suitable for urban applications and have noisy internal combustion engines. Because of electric powered propulsion's low noise levels and the unique capability to autonomously recharge the units from base landing stations make the electric propulsion system choice as a major pre-design selection. However, for an electrically powered vehicle within the mini-UAV class, this unique capability calls for a trade-off between speed limited high power propeller configuration and the power limited high speed fan. In this work, for this class of UAVs, an intuitive thrustpower-airspeed trade-off approach which leads to a hybrid "propeller-ducted fan propulsion system" design that can achieve maximum horizontal flight time and maximum range for the ongoing ITU-BYU Tailsitter Project is provided.
In ITU-BYU Tailsitter, a folding propeller system is used for hovering, vertical take-off, vertical landing and lowspeed transition mode, whereas an electric ducted fan (EDF) system is used for level and high speed flight mode where the propeller folds onto the fuselage in order to reduce drag. Initial system performance analysis with candidate propulsion units indicate that up to 35m/s cruise speed and maximum 43 minutes of flight endurance can be achieved while carrying 1 kg payload -a distinct performance in comparison to the same class rotary-wing and OAV alternatives. This flight time includes 3 minutes of vertical take-off and landing.
Figure 2. Semi isometric view of ITU-BYU tailsitter UAV
In the next section, the design overview and the design approach are described. This is followed by a qualitative analysis of the candidate propulsion techniques and the case for hybrid propulsion. After the next section, the detailed hybrid propulsion analysis within the high endurance-high flight speed framework in the following two chapters. The last two sections present scaled specific thrust comparison for the selected propulsion systems and control logic for switching propulsion systems.
DESIGN OVERVIEW DESIGN CONCEPT, DRIVERS AND CONSTRAINTS -
The developed design philosophy hinges on obtaining the maximum possible payload capacity while achieving both high T/W ratio for VTOL and maneuverability and low energy demand per unit operation time (i.e. a low power demand for enhanced endurance).
To do this, an aircraft, which has a relatively high cruise speeds with vertical take off and landing capabilities, has been delineated. In addition, restrictions coming through city operational environment were reflected via area and volume limitations before starting the design. The main design criteria and constraints can be seen in Table 1 and Table 2 Table 2 . Design constraints for tailsitter UAV DESIGN METHODOLOGY -In this section, the general design methodology for the ITU-BYU tailsitter UAV is summarized. As indicated in Figure 3 , the design methodology is iterative and needs initial inputs by the design constraints, the design criteria and past experiences, such as the design data coming from similar size aircraft that participated in aircraft design contests. In this paper, the pre-design input section and the propulsion driven part of the preliminary design section are explained.
The iterative approach consists of three main phases. These phases are the pre-design inputs, the preliminary design phase and the detailed design phase respectively. The pre-design input phase provides the initial selection of COTS equipment and key aerodynamic properties of the aircraft. The preliminary design phase is structured as to obtain a high payload capacity and energy-efficient tailsitter. The detailed design phase provides the low level control surface sizing and optimization. The iterative approach continues in a cycle until the key aerodynamic properties converges.
Pre-design Inputs -Pre-design input section is the starting point for design process and is divided into four parts; aerodynamic inputs, mission constraints, predesign propulsion selections and component based inputs. In the next four subsections, all the parts within the pre-design inputs will be examined.
Aerodynamic inputs -Aerodynamic inputs gives the initial values and these are put in the iterative process to obtain the outputs in the preliminary design part of the design methodology. Some of the constants and variable values are assigned in the light of the previous experiences gained from the similar size UAVs that competed in the AIAA Design/Build/Fly aircraft design contest, including Istanbul Technical University's "ATA" named airplanes [11] . For instance, both empty weight fraction and wing loading values are found from the historical aircraft data of the past year's competitor aircraft [10] .
Moreover, wingspan is preset by the restrictions coming from the design criteria whereas the initial values of both aircraft's zero lift drag coefficient and Oswald efficiency value are assigned by using the competition related aircraft design experiences. Detailed description of determination of propeller size will be described in the propulsion section.
Mission constraints -Mission constraints have two inputs. The first one is the hover and the cruise duration. The second one is the payload volume. Hover duration is assigned for the worst case VTOL operation scenario whereas the cruise duration is set by the design constraints.
Pre-design propulsion selections -Achieving the best design can be made by designing and producing all the propulsive components part by part under selected flight regimes. However, this calls for both time-wise and financially demanding customized engineering design and production. Hence, to obtain a cheap proof-ofconcept design, COTS propulsion components are investigated.
Specifically, while acrobatic flight enthusiasts tend for high thrust to weight ratio propeller type propulsion systems, many of the on-going conceptual work on combined VTOL and forward flight tend for OAVs if not helicopters. To find the ideal COTS equipment, it is started with a hybrid propulsion approach as an initial starting point. Note that based on different design criteria, the ideal selection can be a standalone propeller or EDF or in reality a hybrid combination of both.
The selection approach for both the propeller and the EDF unit will be described in detail in the propulsion system characteristics section. As a first order characteristic input, customized scaled data based on the existing aerodynamic and power performance tables from readily available units are used. One of the key elements of the tailsitter design hinges on maximizing the available payload weight capacity such that any excess available weight is used for adding additional battery units. The complete weight of the initial selected hybrid propulsion system is determined from the known weights of the units such as electric motor, propeller and EDF. The weight of the propulsion system is based on a hybrid selection of propeller and EDF propulsion, thus providing an over approximation to the ideal standalone or hybrid propulsion unit.
Component Based Inputs -This part includes sum of all the weights of electronic and power related equipments used in the aircraft. The components contributing this category are servos, a radio receiver, a receiver battery, electronic brushless motor drivers, a voltage regulator and cables. All the components are commercial off-theshelf (COTS) equipments and seen in Table 3 . Table 3 . Electronic and power related equipments for ITU-BYU unmanned tailsitter aircraft Preliminary design -In this part of the design methodology, under the flight condition at lowest thrust available, empty weight fraction and propulsion systems' battery weight are calculated as a function of MTOW. After determining the MTOW which maximizes the payload weight, basic performance data of the aircraft is determined. Note that, as a focusing point of this paper, propulsion systems' energy requirement as a function of MTOW and propulsion system analysis will be introduced in the propulsion system characteristics section.
Detailed design -This section is dedicated to detailed sizing and optimization of the body shape, the stabilizer and the control surfaces. After a backbone geometrical shape of the whole aircraft is selected, airfoil selections are made by considering the flight speed and Reynolds number. Moreover, Oswald efficiency and zero lift drag coefficients are determined with the empirical methods used in aerodynamics. If the design converges around these aerodynamic values, aircraft's stability and controllability issues are examined. According to the results of the stability analysis, it is decided whether or not we need extra payload weight for additional sensors or electronic components for the autopilot system. If extra weight is demanded, VTOL operation time and/or cruise duration is reduced so as to reach the needed payload weight. The iterative design cycle is continued until the key aerodynamic properties converge.
Selected Design Inputs -After considering the design drivers, initial design values for the tailsitter UAV are assigned. These values are summarized in Table 4 . Table 4 . Selected design inputs and constraints for initial design
In the next section, COTS propulsion system characteristics that are driven by the design methodology are explicated. In the last section, the complete initial ITU-BYU design will be summarized shortly.
QUALITATIVE COMPARISON OF CANDIDATE COTS PROPULSION SYSTEMS
PROPELLER PROPULSION SYSTEM -To select appropriate propeller for an aircraft, all the performance data of the candidate propellers should be carefully analyzed. Although there is a large number of available performance data about propellers [3] , these propellers are mostly used on commercial or military manned aircraft. On the other hand, there is no sufficient and systematic cataloged propeller performance charts which are used on small scale UAVs, except for some test results [3] [4] [5] [6] .
In the analysis conducted, propeller performance is measured by plotting propeller coefficients against advance ratio (J):
Here, V ∞ denotes incoming air velocity, n is the revolution of propeller per second and D is the propeller diameter. For tailsitter UAV application, propeller system is considered to be used as primary lift generating device during VTOL operations. Thus, to get the highest specific thrust (T/P) value, a propeller having largest diameter available and relatively low pitch value should be selected. Because, propellers having high pitch value are designed for high-speed applications and high percentage of propeller blades are stalled during zero speed (hovering) or low speed regimes (i.e. low speed vertical climb).
To determine the specific propeller coefficients analytically, three important variables must be known; propeller chord distribution, airfoil twist distribution and airfoil data for each section of the blade. However, most of the commercially available hobby purpose propeller manufacturers do not provide such detailed information about their designs. For illustrative purposes, Graupner's carbon folding, 20x12 size (20 inches of diameter and 12 inches of pitch) propeller is considered. Figure 4 shows the thrust and the power coefficients against the advance ratio for this propeller; a commonly used propeller for this class of UAVs. After T/P ratio vs. airspeed conversion, the propeller data can be illustrated as given in Figure 5 . DUCTED FAN PROFULSION SYSTEM -There are many commercially available EDF units consisting of 3 to 7 blades regarding to their size and made from plastic or carbon fiber related to the working conditions. In addition, the commercially available EDF systems' diameters can vary between 5 and 14.5 cm. However, like small size propellers, hobby purpose EDF units also suffer from lack of any catalogued performance data. Moreover, they do not exhibit identical ducted fan behavior because of having wider gaps between shroud and blade tips than the full size precisely manufactured ducted fans.
Many of the commercially available EDF systems are designed for high speed applications, such as radio controlled model jets. In addition, at low speeds, for a given unit power input, EDFs produce less thrust than the propeller systems. Thus, EDF systems are suitable for relatively high cruise speed in comparison to the propellers. Hence, even though the T/P ratio of EDF systems are quite low at the static condition, second derivative of the T/P curve with respect to the airspeed is lower than the propellers' T/P curve's second derivative. Note that, there is only one unit with available wind tunnel test measurements which is officially published on the manufacturer's website [13] . This is Schübeler brand's DS51 type EDF unit. According to the measurements, T/P vs. airspeed graphic for DS51 EDF system is shown in Figure 6 . Because of the higher efflux velocity, specific thrust loss of EDF system in dynamic conditions is lower than the propeller system's loss, which in turn is advantageous for EDF systems in high speed conditions. However, although the EDF unit can produce as much thrust as a propeller does, the power consumption at those thrust levels are much higher than the propeller system because of the lower T/P ratio. Therefore, EDF usage provides the ideal solution within the high speed flight while propeller system usage provides the ideal solution within the VTOL and low speed flight. This is illustrated in Figure 7 . For 20x12 propeller and Schübeler DS51 EDF combination, an active region of each propulsion system's usage is obvious. For VTOL (nearly static condition where V is zero) and transition up to 22.5 m/s velocity, propeller propulsion system can be considered to be active. After that, for cruising and high speed flying, propeller stops and fold onto fuselage and EDF system is activated to maintain desired airspeed above 22.5 m/s.
For the most energy efficient flight although a hybrid dual propulsion technique seems to be the ideal approach for this class of UAVs, a two-fold alternative trade-off can be considered.
1. First trade-off considered is the usage of a big EDF only propulsion system instead of the hybrid system. The reason for such a choice is that we can gain propeller propulsion system's weight to use as an extra battery weight by extracting the propeller propulsion system's weight. However, even if the EDF only configuration is advantageous over the hybrid propulsion system, there are two problems. First is the controllability problem. During hover conditions, the states of the aircraft are controlled by the aerodynamic force generator surfaces that are influenced by propulsion system's air-wash. Therefore, placing such force generator devices behind the EDF unit adds extra weight to the empty weight of the aircraft and reduces the efficiency of the EDF system both in hover and in cruise condition because of the additional drag. Thus, it is seen that the extra weight means less battery weight on the aircraft. Moreover, taking into consideration the controllability issues, placing the control vanes behind the relatively small diameter fan may not generate the adequate force to support the external disturbances and increases the cruise to hover transition time. In this manner, using the hybrid propulsion system increases the flight efficiency and aircraft's controllability during VTOL and transition operations.
2. Second is a trade off between larger ducted fan systems called Organic Aerial Vehicles (OAVs) and the hybrid propulsion combination. Ducted fan UAVs (OAVs) which have shrouded propellers are advantageous over the propeller only systems. Nevertheless, for forward flight condition, OAVs require excessive thrust because of the need to overcome the weight of the aircraft contributes to the drag force of the airplane. Moreover, the complex variable pitch system adds more weight that can reduce the payload capacity.
In light of the preceding discussion on the trade-offs, a hybrid propulsion concept is considered for ITU-BYU tailsitter UAV design.
HYBRID PROPULSION -
In this hybrid propulsion system, as discussed before, for both VTOL operations and hover to cruise transition phase, propeller system is used because of its energy efficiency. During cruising at high speed demand, EDF system is advantageous than propeller system.
For the ITU-BYU tailsitter aircraft, the initial propeller selection is a RASA 28x12.5 size propeller and the EDF system is Schübeler DS51. Although there is wind tunnel test data for DS51 EDF system, the selected propeller unit has a measurement data only for static condition where incoming airflow is zero. Thus, some assumptions are made on the basis of the performance values of the propeller propulsion systems to start the initial design process.
The assumptions and the performance results for the selected propeller system take shape after inspecting the similar folding propellers' geometry, After making a comparison between RF brand 20x13, 20x12 and 23x12 propellers, it was seen that the chord distribution is almost directly proportional to size scaling. So, the chord length distribution for 28.5x12 RASA brand propeller is determined by using the similar chord distribution. After that, the twist distribution from the root of the propeller to the tip of the propeller is estimated in the light of the Graupner 20x12 and RASA 23x12 propellers' shape data. Because, the pitch values of both 20x12, 23x12 and 28.5x12 propellers are identical. Thus, both chord length and twist distribution of the selected propeller were entered to the propeller performance calculation software [14] . According to the results of the software, it is seen that the thrust and power coefficients nearly match with the static test results [9] . T/P curve based on the software can be seen in Figure 8 below; As a result, the final T/P graphic for selected propulsion system can be seen in Figure 9 . Note that, the initial condition is given for a constant thrust value. Hence, at zero speed, both of the systems are assigned the same thrust value.
Figure 9. T/P vs. airspeed comparison of the selected propulsion systems.
QUANTITATIVE DESIGN ANALYSIS OF THE HYBRID PROPULSION SYSTEM
PROPELLER SYSTEMAs an application of the hybrid propulsion system approach to the aircraft design, the battery weight is determined as seen in Figure 11 . Hence, the resulting equation of propeller propulsion system's battery weight as a function of MTOW is seen in Equation 2;
In Equation 2, ρ battery is the power density value of the selected battery packs and V packunderload is the Propeller system's battery potential during power consumption of Propeller propulsion system. Note that, the selected power density value is based on Thunder Power's ProLite series Lithium Polymer batteries [17] EDF SYSTEM -To find the suitable diameter size for the EDF unit, the sizing is based on the maximum drag force which is related to the vehicle's maximum speed. Thus, at the highest drag condition, drag coefficient of the aircraft is taken as 0.04 while the wing area is taken as 0.5 m 2 . Moreover, maximum flight velocity is chosen as 35 m/s and the air density is assumed to be 1.22 kg/m 3 . So, related to the inputs, the drag force is calculated as 15 Newton. In the light of the drag force value, because of the wide range of thrust capability and the existence of both static and dynamic analysis, Schübeler brand DS51 model EDF system is preferred over other brands in ITU-BYU tailsitter concept. In addition, Thunder Power batteries' Pro-Lite model is selected as the main power source because of its higher energy density than other brands available in the market. After selection of appropriate batteries, battery weight estimation approach that is seen in Figure 12 is used for the calculations. As a result of that, EDF system's battery weight is found as a function of MTOW in Equation 3; 
HYBRID SYSTEM WEIGHT ANALYSIS -After determining propulsion system's battery weight in terms of maximum take off weight (MTOW), the MTOW value maximizing payload capacity can be found. Before that, it is useful to write down the components of the MTOW; W o = W empty +W payload +W propulsion +W electronics Eq. 4
The components of electronic system weight, which is about 6.4 Newton, are shown in Table 5 in detail. Moreover, the propulsion system weight except for the battery weights for each system is known and it is 13.64 Newton in total. Component by component known weights of the propulsion systems are seen in Table 5 below; Table 5 . Weights of the known components of the propulsion systems
Component Weight
Propeller System's motor 5.14 EDF System's motor 6.1 Propeller and Hub 1.22 EDF Case 1.18
Empty Weight Estimation
Empty weight fraction defines the functional relationship between MTOW and aircraft's empty weight (W empty ) and it is one of the most important steps in the whole design process. This is because of the fact that empty weight directly effects the payload weight and flight duration -a combination that we are trying to improve by using different types of propulsion system. So, for estimating the empty weight fraction, aircraft designers generally use the historical data generated for the distinct type of aircraft, such as sailplanes and airliners. However, for ITU-BYU tailsitter design, it is preferred to use the Radio Controlled UAV concepts, which are developed by the universities for AIAA Design/Build/Fly aircraft design contest [11] . Later, the collected data was filtered out to find structural-only weight that is assumed as empty weight in the ITU-BYU's tailsitter design. Moreover, the data of the aircraft having more than 1.5 meters of wingspan are removed from the database. As a result of the filtration process, the empty weight fraction is found as in Equation [ ]
Because of the design restrictions, maximum aircraft size was predicted and the electronic component selections, such as servo and receiver battery sizes were determined before beginning the design process. Regarding to the initial selections, total weight of the electronic components are 4.2 Newton Payload Weight Estimation -By merging the results of the functions which are given in the preceding subchapters, a relation between the payload weight and MTOW can be written. The functional relation is seen in Equation 7 below; 
Eq.7
Note that Equation 7 is constructed under the selected design inputs. Hence, within the restrictions, there is only one MTOW value exists that maximizes the payload weight of the aircraft. After solving the Equation 7, the optimum MTOW weight is found as 61 Newton where the payload weight is about 10.6 Newton.
SCALED SPECIFIC THRUST FOR DIFFERENT FLIGHT REGIMES
Specific thrust values of the propulsion systems are functions of the advance ratio which is also a function of revolution per second and airspeed. To avoid three dimensional complex surface geometry analyses, a simplification was made to observe the both propeller and EDF systems' specific thrust values under the same conditions. To do that, x axis is scaled from zero airspeed to the maximum desired airspeed while y axis represents specific thrust values as seen in Figure 10 . The specific thrust calculation method for both EDF and propeller propulsion systems, in the region between stall and maximum speeds, is seen in Figures 13 and 14 respectively. For selected EDF and propeller propulsion systems, thrust and power coefficients can be written as a quadratic function of advance ratio and the coefficients of the quadratic functions are denoted by the letters a, b, c and d in Figure 13 and Figure 14 .
Please note that, Figure 10 is only valid at two regions; the first region is zero speed (static condition) and the second region is from the black vertical line, which intersects the stall speed (≈16 m/s) on the x axis, to the desired maximum airspeed, which is 35 meters per second. The area between "very-low" speed (≈ 1 m/s) and stall speed is intentionally left blank. This is because the exact transition speed and specific thrust values of both systems depend on the transition maneuvers, which are "hover to cruise" and "cruise to hover" transitions.
To give more information, propulsion system only overcomes parasite and induced drag from the stall speed to the maximum airspeed. However, during the transition maneuvers, aircraft's weight is added to drag component. Therefore, the accurate transition phase/airspeed is investigated after calculating the optimized transition maneuvers.
As seen from Figure 10 , each of the propulsion systems with any given airspeed condition results in different revolution per minute and advance ratio values. Therefore, the comparison between the propulsion systems can be made outright in Figure 10 . The EDF system is about 64 times more efficient than the propeller system for the whole flight regime from stall to maximum airspeed. Moreover, for static case analysis, specific thrust for both propeller and EDF systems are calculated as 0.1052 and 0.0122. Hence, depending on the static case calculations (for hover and low speed climb) it is seen that the propeller system is about 9 times more efficient than the EDF system.
As a result, the breakthrough advantage of the hybrid propulsion approach is evident in Figure 10 .
CONTROL LOGIC FOR SWITCHING PROPULSION SYSTEM
ITU-BYU tailsitter UAV will be operated autonomously with the micro-avionics system [16] , which is originally developed by ITU Control and Avionics Laboratory (CAL). Optimization of transition maneuvers, basic throttle management and propulsion system switching logic is still under development. As seen in Figures 16  and 17 , the flight regime can be summarized in seven phases. Phase 1 is power up and accelerated climb part, phase 2 is constant-speed climbing part; phase 3 is hover-to-cruise transition part; phase 4 is cruise flight mode, phase 5 is cruise-to-hover transition mode, phase 6 is hovering-before-descent part and phase 7 is vertical landing part of the flight. Notice that during operational usage, there can be numerous transitions across phases 2, 3, 4 and 5. Moreover, throttle management and propulsion systems switching are summarized in Figure  15 . Figure 16 . Hover-to-cruise transition sketch Figure 17 . Cruise-to-hover transition sketch
RESULTS
Based on the initial assumptions and the results of the first design iteration with hybrid propulsion system, values of the several design parameters are obtained as shown in Table 6 .
Before beginning the calculations, static margin is selected as 10 percent. For 3 degrees of wing incidence with zero degrees of horizontal stabilizor incidence, trim graphic is seen in Figure 18 .
Regarding the initial design results, static stability analysis have been performed. Neutral point was found at the 52 percent point behind of the leading edge of mean aerodynamic chord of the wing. Trim analysis was conducted taking into account this neutral point. 
CONCLUSION
The results so far demonstrate the usefulness of using a hybrid propulsion system for the tailsitter UAV concept demanding both high T/P ratio and efficient cruise flight at relatively high speed. The obtained results in this paper are based on reasonable assumptions on the propeller propulsion system and the design inputs which are in close relation with both the design constraints and design criteria. Initial system performance analysis with candidate propulsion units indicate that up to 35m/s cruise speed and maximum 43 minutes of flight endurance, including 3 minutes of vertical take-off and landing duration, can be achieved while carrying a 1 kg payload -a remarkable performance in comparison to the same class rotary-wing and OAV alternatives.
The ongoing work will be completed to optimize the aircraft design and investigate the candidate propulsion system by conducting wind-tunnel tests to find the exact efficient airspeed region and the accurate propulsion system characteristics. The ITU-BYU Tailsitter, shown in Figure 19 is expected to make its maiden flight in August 2008. 
